ABSTRACT. To define respiratory effects of peripheral acidemia during early development, we injected lactic acid (LA) into the jugular vein of 3 2 1-to 7-d-old rabbit pups and four adult rabbits. The body weight of newborns varied between 67 +-1 7 g in 1-d-old and 119.8 -C 33.7 g in 7-dold animals versus 4 f 0.1 kg in adults. Animals were anesthetized with ketamine (30 mglkg) and urethane (0.6-1.2 g/kg), tracheotomized, and breathed spontaneously. Diaphragmatic electromyogram, tidal volume, esophageal pressure, and arterial pressure were recorded. In adult rabbits, a LA dose of 0.25 mM/kg elicited an increase in the rate of breathing with no change or a decrease in tidal volume (early response), followed by a deep and fast respiration (late response). The same LA dose had no effect or provoked only the late response in 1-and 2-d-old rabbits and led to the early and late responses in older newborns. The early response was abolished and the late response was diminished after vagotomy. Our results suggest that the early response is mediated by vagal afferents and the late response, although modified by vagal input, is of an extravagal origin. It is suggested that acidemia may be involved in the transient tachypnea syndrome in newborn infants. Possible contribution of vagal nonmyelinated endings in triggering the early response to LA is discussed.
ABSTRACT. To define respiratory effects of peripheral acidemia during early development, we injected lactic acid (LA) into the jugular vein of 3 2 1-to 7-d-old rabbit pups and four adult rabbits. The body weight of newborns varied between 67 +-1 7 g in 1-d-old and 119.8 -C 33.7 g in 7-dold animals versus 4 f 0.1 kg in adults. Animals were anesthetized with ketamine (30 mglkg) and urethane (0.6-1.2 g/kg), tracheotomized, and breathed spontaneously. Diaphragmatic electromyogram, tidal volume, esophageal pressure, and arterial pressure were recorded. In adult rabbits, a LA dose of 0.25 mM/kg elicited an increase in the rate of breathing with no change or a decrease in tidal volume (early response), followed by a deep and fast respiration (late response). The same LA dose had no effect or provoked only the late response in 1-and 2-d-old rabbits and led to the early and late responses in older newborns. The early response was abolished and the late response was diminished after vagotomy. Our results suggest that the early response is mediated by vagal afferents and the late response, although modified by vagal input, is of an extravagal origin. It is suggested that acidemia may be involved in the transient tachypnea syndrome in newborn infants. Possible contribution of vagal nonmyelinated endings in triggering the early response to LA is discussed. The first deep and slow breath taken at birth is followed by tachypnea lasting up to 90 min in infants delivered vaginally or by cesarean section. Already during the first day of life, respiration becomes deeper and slower (1). However, in some cases tachypnea may persist for up to 5 d of postnatal life. The latter instance has been described as the transient tachypnea syndrome attributed to a delay in absorption of fluid from the lungs in otherwise healthy newborns (2) . In these infants, roentgenographic examination showed pulmonary edema, pulmonary vascular prominence, and local hyperinflation of the lung. Gradual decrease in the breathing frequency to normal levels has a time course similar to that of clearing of the roentgenographic abnormalities (3).
In newborn lambs with radiologic evidence of lung fluid, moderate to severe hypoxemia and acidemia were found after the onset of breathing (4) . Several authors reported that hypoxia of different origin is also associated with acidemia in newborn and adult animals. For example, in conscious newborn lambs, before oral breathing was initiated, nasal obstruction for no longer than 15 min resulted in asphyxia and reduction in arterial pH that was more pronounced the younger was the animal (5). Administration of hypoxic mixture was associated with elevated tissue levels of lactic acid (6) and brain acidosis in adult rats (7) . In contrast, brain stem extracellular acidosis without reduction in plasma pH was recorded during hypoxia in anesthetized, paralyzed, and artificially ventilated piglets (8) . However, anesthesia and mechanical ventilation could prevent the shift from aerobic to anaerobic metabolism that would occur in conscious and spontaneously breathing hypoxic animals.
Respiratory effects of LA in newborns are unknown. In adult animals, LA, when introduced to pulmonary circulation, evokes a rapid and shallow breathing pattern (9, 10). Thus, it is possible that acidemia may contribute to the development of tachypnea in awake or decerebrated hypoxic animals (1 1-1 3) and transient tachypnea syndrome in newborn infants (2) . To test this hypothesis, we examined respiratory effects of LA injected into the jugular vein in spontaneously breathing newborn and adult rabbits.
MATERIALS AND METHODS
Experiments were conducted on 32 newborn (1 to 7 d old) and four adult rabbits. All rabbits were premedicated with intramuscular injection of ketamine (30 mg/kg, Ketaset; Rogar/STB. Inc., Montreal, Quebec, Canada) and anesthetized with intraperitoneal injection of urethane. The dose of urethane necessary tc eliminate pain was estimated by the absence of "paw withdrawal' reaction and varied between animals from 600 mg/kg to 1.2 g, kg.
In all rabbits. skin on the neck was cut on the midline and thc trachea was cannulated. In newborns, a jugular vein and a carotic artery were catheterized. In the adults, catheters were insertec into a jugular vein and a femoral artery. Both vagi were separate( from the surrounding tissues and prepared for later sectioning A fine copper bipolar electrode was sewn into the diaphragn next to the sternum via an abdominal incision that was the1 closed.
The signal from the diaphragmatic electrode was amplifiec (Grass P5 1 1-H amplifier; Grass Instrument Co., Quincy, MA) rectified, and processed by a modified Paynter filter (13a) wit1 an averaging time of 100 ms. The o u t~u t from the filter is callec no. 21080A; Hewlett-Packard CO., Palo Alto, CA) for arterk observation showed that the LA dose of 0.8 mM/kg was the threshold dose for rabbits during their first day of life (14) . Therefore, this dose was given to animals during the first 2 d of life. T o evaluate the dose dependence of the response in six rabbits during their first 2 d of life, LA doses were increased to 1.2 and 1.5 mM/kg. T o evaluate the threshold dose and dose dependence of the response in older newborns, increasing LA doses from 0.05 to 1.0 mM/kg were given in six experiments on 3-to 7-d-old rabbits. The results showed that 0.5 mM/kg is the saturation dose. Therefore, this dose was repeated in all newborns between the 3rd and 7th day of age. We allowed 10 min between injections of different LA doses for the breathing pattern to return to normal. A bolus injection of 0.1 m L and 1 m L of saline was given through the jugular vein before LA injections in all newborn and adult animals, respectively. These volumes corresponded to the largest LA doses used in both populations.
Dutu unulyses. EMGdi, VT, Pes, and Pa were recorded on a six-channel pen recorder (Brush 260; Gould, Inc., Cleveland, OH) at a paper speed of 25 mm/s. Records of VT and EMGdi were digitized with graphic tablets (Hewlett-Packard model no. 91 IA) connected to a microcomputer (Hewlett-Packard model no. 85). Peak amplitude of Pes recorded during inspiration and Pa were measured manually. Both respiratory phases were measured from the records of EMGdi. TI was defined as the interval from the onset of EMGdi to its rapid decline. The latter was also taken as the onset of expiratory phase (TE). The following variables were considered in data analyses: VE, respiratory rate, VT, VT/TI, peak EMGdi, TI, and TE. Ten to 20 control breaths were measured before saline and before each LA injection. Before vagotomy, effects of LA were complex and often two types of effects were observed. The early response was recorded after a delay of less than 1 s and was characterized by rapid respiratory rate sometimes accompanied by a decrease in VT and an increase in end-expiratory volume. Duration of this response varied between 0.8 and 7 s (mean 3.87 + 2.40 s) in different animals.
Because of the delay and variability in duration of the early response, we analyzed all breaths recorded for 2 s after the first noticeable effect in all animals. The early response was always followed by a late response. The late response, lasting for 3 to 5 min, was characterized by a deep, fast, and regular pattern of breathing. T o evaluate changes in the pattern of breathing during this response, 10 breaths were measured 10 s after the injections. The same was done after saline injection and after vagotomy. Finally, 10 breaths were measured at each minute of a 10-min recovery period aftel-LA in both intact and vagotomized rabbits.
For each sample of data, the mean and SD of absolute values and values normalized to their controls were calculated in individual animals. Next, group mean values were calculated.
Two-way analysis of variance tests for repeated measures and the two-tailed I test for two means were used where applicable to evaluate age-related differences, dosc dependence, and significance of response within each age group. These analyses were with superinlposed shallow and rapid breaths (early response) followed by the return to normal end-expiratory volume and a regular, deep, and fast breathing pattern (late response). 6ar/j) rcsponscj. Preliminary analyses indicated significant differences in the response to LA in 1-to 2-d-old. 3-to 7-d-old. and adult rabbits. Therefore, the following data are presented in three groups: group 1, 1-and 2-d-old newborns ( n = 11): group 2, 3-to 7-d-old rabbits (n = 2 1); and group 3, adult animals ( n = 4).
In Figure 1 , we compared thc early response to LA in the dose of 0.25 niM/kg in these three groups of animals. In group I . changes in all ventilatory variables were not significant. In group 2, VE increased by 149.3 t 126.376, VT/TI increased by 63.7 t 57.0%, and T E decreased by 51.1 t 33.6%. In group 3, VE increased by 98.6 + 41.796, VT/TI increased by 57.2 + 14.496, EMGdi increased by 78.9 + 67.6%, and T E decreased by 5 1.3 t 33.4%. Despite a great variability, all of these changes were significant. Only the EMGdi response was significantly different between group 2 and group 3.
The group mean VT/Pes ratio decreased by 19.4 + 8.3% ( p < 0.05) in the adult rabbits. This ratic; was unaffected in newborns, suggesting that the dynamic inechanical properties of the lungs were undisturbed after an LA dosc of 0.25 mM/kg in rabbits during their first week of life.
In contrast t o the adult rabbits, the early response evoked by 0.25 mM/kg was never accompanied by an increased end-expiratory level in newborns. The latter was observed in only six pups of different ages aftcr LA doses raging between 0.50 and 1.2 mM/kg. Examples of this response recorded after a dose of 0.80 mM/kg in 1-and 2-d-old rabbits are illustrated in Figure 2 . After these large LA doses, the VT/Pes ratio slightly decreased, but the decrease was not significant in newborns. Similar to the 1-d-old rabbit of Figure 2 , in other animals a decrease in Pa observed after LA was recorded several seconds after the injection. at which time the late response was already well established. Pa returned to normal within 1 min, and increased VT, respiratory frequency, and EMGdi were recorded for another 3 to 5 min. Bradycardia was never observed. 0.1 mM/kg, had no effect on the pattern of breathing in this and the other five rabbits tested. However, in response to 0.15, 0.25, and 0.5 mM/kg, there was a dose-dependent increase in VE, VT/TI, and EMGdi, and a decrease in TI, TE, and VT. Doses larger than 0.5 mM/kg of LA had no further effects on group 2. Neither 1.2 mM/kg nor 1.5 mM/kg had dose-dependent effects on group 1. Therefore, 0.8 and 0.5 mM/kg were the saturation doses for the early response to LA introduced into the jugular vein in rabbits of group 1 and group 2, respectively.
Late response. Statistical analysis indicated that the later response to saturation doses of LA was age independent in newborns. The group mean increases in VE by 214.2 + 145.1 %, VT by 29.2 + 17.6%, VT/TI by 93.4 + 45.7%, and EMGdi by 44.0 + 24.3% and the shortening of TI and TE by 30.0 + 3.8 and 54.5 + 14.2%, respectively, were all significant. In the adult rabbits, increases in VE by 89.0 + 58.0%, VT/TI by 54.4 f 18.8%, and EMGdi by 60.8 + 77.2% and decreases in TI by 2 1.82 + 1.2% and TE by 5 1.5 + 35.1 % were significant and VT was unaffected.
Effects of L A after vagotomy. After vagotomy, a saturation dose of LA was given to all newborn rabbits. In the adults, the 0.25 mM/kg dose was repeated. Figure 4 illustrates examples of the response before and after vagotomy taken from a 3-d-old newborn and an adult rabbit. As shown in the figure, the early respiratory response disappeared, and the effects recorded after a delay of 3 to 5 s resembled the late response in intact rabbits.
In newborns, there were significant increases in VE (by 40.8 + 26.3%), VT (by 38.3 t 21.7%), VT/TI (by 59.3 + 28.7%), and EMGdi (by 45.9 + 32%), and TI and TE were unaffected. In the adult animals, the increase in EMGdi by 94.43 + 83.8% and the shortening of TI by 30.8 + 24.3% were significant. All other variables were unaffected. Figure 5 shows a comparison of changes in respiratory variables during the late response and effects of LA in vagotomized newborn and adult rabbits. In newborns, the VE, TI, and TE responses were greater before than after vagotomy (p < 0.01, p < 0.05, and p < 0.001 for VE, TI, and TE, respectively). In the adults, the only significant difference between the late response and the effects of LA after vagotomy was that in TE ( p < 0.05).
DISCUSSION
Results of this study demonstrate that newborn and adult rabbits may respond to LA injected into the jugular vein with an increase in VE, a shortening in TE, and a decrease or no change in VT (early response) followed by a deep and fast respiration (late response). Similar respiratory effects of LA were described by Trenchard (9, 10) in the adults of the same species.
The early response was dose and age dependent and relied on intact vagal input. The LA dose that evoked the early response in 3-to 7-d-old newborns and adult rabbits had no effects on rabbits during their first 2 d after birth. In these animals, the early response was recorded after about 3-fold larger doses. The increased threshold of the early response suggests immaturity of at least one of the components of the reflex feedback loop involved in the respiratory effects of LA during the first 2 d of postnatal life in rabbits.
Trenchard and her collaborators (9, 15) proposed that the early excitation seen in response to LA introduced to pulmonary circulation is triggered by activation of vagal nonmyelinated pulmonary and pulmonary-bronchial endings via increased C 0 2 and/or H' in blood in adult rabbits. However, it is also possible that LA produces irritation of C fibers similar to that evoked by phenyl diguanide and capsaicin in the adults of different species (16) . If these mechanisms are indeed involved in LA-related tachypnea, our results imply low sensitivity of these receptors or immature processing of their information immediately after birth in rabbits. This conclusion is in agreement with the lack of effects of phenyl diguanide up to the 6th day of life and a 6 times higher threshold for development of tachypnea in I-wk-old kittens than in adult cats (17). On the other hand, a fully developed cardiorespiratory response to right atrial injection of the same agent was present in 2-d-old piglets ( I 8). The difference in the excitability of this reflex response may coincide with greater maturity of pigs than cats at birth.
In contrast to adult rabbits, in all newborns even the largest dose of LA did not change the VT/Pes ratio, suggesting unaffected dynamic properties of the lung. This observation is contradictory to one of our earlier studies showing that only during the first 2 d of life did histamine, when injected into the pulmonary circulation, fail to decrease lung compliance and airway conductance (19) . This difference between the effects of histamine and LA could rely on different mechanisms of action of these two chemicals on airway smooth muscles. Histamine causes bronchoconstriction by stimulation of rapidly adapting vagal receptors and through a direct effect on muscle fibers (20) . An increase in airway smooth muscle tone after LA could result from chemoreceptor stimulation (2 1) by increased release of COz from blood (9) . Lack of effects of LA on the lung mechanics may imply immaturity of the above mechanism during the first week of life in rabbits.
The late response always followed the early excitation. In some animals, it was the only effect of LA. The response was present but somewhat diminished in vagotomized rabbits. On the basis of these results, we concluded that the vagal input may modulate the late response but its origin depends on stimulation of extravagal receptors.
In adult rabbits, the origin of the late response to LA was attributed to stimulation of peripheral chemoreceptors (10) . Because in our study the delay of this response exceeded 3 s, it is possible that other peripheral afferents were also involved. Recent evidence suggests that group 111 and group I V of muscle afferents play a major role in bronchodilator responses and stimulation of breathing (16) . This response can be provoked by chemicals such as capsaicin or bradykinin injected to the blood stream supplying hindlimb muscles (22) . The inhibitory bronchomotor reflex was also observed during isometric contraction of hindlimb muscles (23) and the diaphragm (24) caused by electrical stimulation of group 111 and IV fibers in the appropriate ventral root and phrenic nerve, respectively, in adult dogs. In newborns, this pathway of reflex bronchodilatation has never been tested. However, in light of a delayed maturation of the somatic component of the "J reflex" up to the 3rd week of life (17) and earlier development of ventral roots and muscle efferents than of dorsal roots and muscle afferents in kittens (25) , it can be predicted that the above reflex arch was not operating in 1-wk-old rabbits.
In summary, our study indicates that LA may evoke tachypnea immediately after birth, but the threshold of this response is increased during the first 2 d of life in anesthetized rabbits. Qualitatively similar response to the same LA dose/body weight is present in the adults and newborns by the 3rd day of life. However, because of differences in development between rabbits and humans at birth and possible depressing effects of anesthesia in our study, acidemia should be taken into account as one of the possible factors contributing to transient tachypnea syndrome in infants (2) and tachypnea seen in hypoxic newborns and adults of several mammalian species (1 1-1 3) .
